Abstract-We investigate the general Bohm and Langmuir conditions for a strong double layer and show that in some cases these do not necessarily imply a net current through the dbuble layer as is now the popular belief. We demonstrate this by deriving the appropriate Bohm and Langmuir conditions when there are three beam-type particles passing through the double layer in addition to the usual two species of trapped particles.
I. INTRODUCTION L ABORATORY experiments with low-pressure gaseous discharges have shown that double layers form under a variety of plasma conditions (see, e.g., [6] for a review). These experiments have verified that a double layer consists of two thin space-charge regions with a resulting strong electric field between them. One consequence of the formation of double layers in a plasma is that of limiting the maximum current that can be carried by the plasma. Although this phenomenon has been observed in the laboratory for almost a century now, it has only been in the last few years that a significant amount of progress has been made in the understanding of the properties of the double layer. The current interest in double layers has been spurred mainly by evidence that they exist and play important roles in a variety of astrophysical situations.
For example, several in situ space observations indicate the existence of double layers in the upper ionosphere and lower magnetosphere above the earth's auroral zones [1] , [4] , [7] , [9] , [13] , [15] , [18] - [21] , [23] , [24] . Double layers have also been invoked to explain solar flares [2] , and the modulation of the Jovian decametric radiation by 10 [22] . Two the ion flux through the double layer must be much smaller than the electron flux, thus establishing the condition that a net current must exist through the double layer.
These conditions are essential in discussing the dynamics of double layers. For example, in the Alfven-Carlqvist theory of solar flares, the Bohm criterion is, effectively, used to determine when a double layer will form in the current circuit of the solar atmospheric plasma.
When the double layer does form, it interrupts this current, grows rapidly in potential difference, and finally releases the stored energy explosively. The Langmuir condition, too, can be used to predict an explosive release of energy stored in the double layer. The Langmuir condition is to be satisfied in the rest frame of the double layer. Hence, if the double layer forms, and the Langmuir condition is not satisfied in the laboratory frame, then one or both sides of the double layer will move so that this condition is satisfied in its rest frame [61, [11] . If this motion causes the double layer to expand spatially. then a corresponding increase in the potential across it will also occur. If the effective inductance of the system is sufficiently large, this could then lead to a rapid growth of the double layer and a subsequent explosive release of its energy.
Recently, it has been proposed that double layers formn in the accretion column of binary X-ray pulsars (a rapidly spinning magnetized neutron star in binary orbit with a normal star) [25] . In particular, strong double layers for which the potential energy difference is much larger than the thermal energy of the plasma, are the type which were proposed for these neutron stars. In all previous discussions of strong double layers, there were only four categories of particles considered in the supporting plasma: 1) electrons which are accelerated by the double layer; 2) ions which are accelerated by the double layer; 3) thermal electrons which are trapped by the double layer; and 4) thermal ions which are trapped by the double layer. For the proposed double layer of the pulsars, however, there are five classes of particles. In addition to the four classes above, the accreting ions constitute a fifth class. This is a distinct class because the accreting ions are decelerated by the double layer, but they have sufficient energy so as not to be reflected (trapped) by it.
It is evident that this fifth class of particles is one that can be expected to exist in a variety of astrophysical settings (see, e.g., [26] ations. We also include special relativistic effects. Several important results are obtained in our calculations. One is that the Bohm criterion is quite different from its usual form, and it has nothing to do with instabilities of the plasma at some critical current as is currently believed to be true. Another important result is that the Langmuir conditions, which normally imply a net current through the double layer, are shown to be consistent with zero net current when the fifth class of particles is included.
II. GENERAL FORMALISM
In this work, we assume a strong one-dimensional double layer with its electric field directed in the -x direction. The electric potential of the double layer will be taken to be of the analytical form similar to Knorr and Goertz [16] :
This potential is sketched in Fig. (1) where it is seen that +0 is the potential difference across the double layer, and d is its effective width. The five classes of particles that are associated with the double layer are shown in Fig. (2) . We will refer to the ions that originate on the low-potential side (x = -o) and move completely through the double layer, although decelerated, as the "streaming ions." In the X-ray pulsar application, these are the ions that are being accreted by the neutron star from the surrounding plasma.
The ions that originate on the high-potential side (x = + oo) will be accelerated through the double layer. These will be referred to as the "free ions." The "free elec- trons" are electrons that originate on the low-potential side and are accelerated to the high-potential side. The double layer is assumed to be strong which, by definition, means that all thermal electrons on the highpotential side and all thermal ions on the low-potential side are trapped particles. These trapped particles are assumed to be nonrelativistic and have Maxwellian distributions. Their number densities can thus be written as 
The + / -superscript indicates whether the momentum is for the boundary at x = + / -oo . The contribution to the current from each type of particle can be written in terms of its momentum and number density at its originating boundaries: (23) and (24), then, are the two Bohm conditions appropriate for the general double layer model that we have described. One can clearly see that the trapped particle densities and/or temperatures can be adjusted so that these conditions are satisfied for any given net current. This means that the general Bohm condition does not necessarily imply a critical current below which the double layer cannot be maintained.
We can, however, obtain the usual statement of the Bohm condition from our general equations by imposing the conditions of the standard model of the double layer.
In the standard model, there are no streaming ions (I,Si = 0) and everything is nonrelativistic. Also in the standard model it is assumed that the double layer is strong so that the density of the post-accelerated particles at the boundaries is negligible compared to the preaccelerated particles. This implies that the term proportional to Iti in (23) and the term proportional to If, in (24) are neglected.
These two equations then become me fe e?t, < 0
and I kIte < 0.
(26) Correspondingly, the charge neutrality conditions from (19) and (21) 
qfe =0(7 and frame of the double layer, the pressure on the two opposite sides of the double layer must be equal. The double layer will then move with respect to the laboratory frame so as to ensure this condition. Hence, one uses the Langmuir condition not to restrict the conditions for formation of a double layer, but to determine its propagation speed. It is theoretically possible that under certain conditions only one side of the double layer moves causing it to expand and increase in potential. This could lead to an exploding double layer (see, e.g., [11] ). Another possibility is that the ram pressure is larger than the surrounding plasma can withstand. This, again, will cause the double layer to expand.
To obtain the Langmuir condition for our general model of the double layer, we calculate the first integral of Poisson's equation, which is nothing more than the momentum balance equation. The result is I eI(~IPs
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(31) Written in this form, it is easily seen that this equation gives the condition for momentum balance at x = +oo rather than at net current requirements.
We can obtain the usual statement of the Langmuir condition from (31) by making the assumptions that are usually made in this connection. In this case, there are no streaming ions (Isi = 0), and the kinetic pressure is as- Using this in (25) and (26), we obtain the usual statements of the Bohm conditions:
I fe > e -q(0)(kTilMe) 12 (29) and |li>n(0)(kTe/Mi)1/2.
These equations do imply a minimum current which, as we have discussed, does not apply in general. For the general case, one needs to satisfy (17) for the net current in conjunction with the conditions given by (19) , (21), (23) , and (24) . Since there are ten free parameters, there will exist a wide range of parameter space for which a double layer can theoretically exist. These ten parameters 
V. SUMMARY In this paper, we have taken a close look at the two conditions that are discussed when considering double layers in plasmas. These are the Bohm and the Langmuir conditions. In the past, these conditions have been taken to be synonymous with a minimum current requirement for the existence of the double layer. We have argued that this is at most a misleading correlation. The Bohm condition is simply a charge distribution statement and the Langmuir condition is related to the pressure balance on both sides of the double layer.
We have given the general Bohm and Langmuir conditions for a strong double layer which has three beamtype particle distributions. These conditions are consistent with an arbitrary net current (including zero) through the double layer. Such particle distribution models are expected to be applicable to a variety of astrophysical situations such as in the accretion column of X-ray pulsars and in magnetized plasma where the critical velocity phenomenon plays a role [26] . Further work in this area is planned including the categorizing of the accessible parameter space for double layer formation.
